Abstract A number of condensate reservoirs with high concentrations of H 2 S have been discovered in the deep dolomite reservoirs of the lower Ordovician Yingshan Formation (O 1 y) in the Tazhong Uplift, where the formation water has a high pH value. In the O 1 y reservoir, the concentrations of Mg 2? and SO 4 2-in the formation water are higher than those in the upper Ordovician formation. The concentration of H 2 S in the condensate reservoirs and the concentration of Mg 2? in the formation water correlate well in the O 1 y reservoirs of the Tazhong Uplift, which indicates a presumed thermochemical sulfate reduction (TSR) origin of H 2 S according to the oxidation theory of contact ion-pairs (CIPs). Besides, the pH values of the formation water are positively correlated with the concentration of H 2 S in the condensate reservoirs, which may indicate that high pH might be another factor to promote and maintain TSR. Oil-source correlation of biomarkers in the sulfuretted condensates indicates the Cambrian source rocks could be the origin of condensates. The formation water in the condensate reservoirs of O 1 y is similar to that in the Cambrian; therefore, the TSR of sulfate-CIPs likely occurred in the Cambrian. High H 2 S-bearing condensates are mainly located near the No. 1 Fault and NE-SW strikeslip faults, which are the major migration pathway of deep fluids in the Tazhong Uplift. The redox between sulfateCIPs and hydrocarbons is the generation mechanism of H 2 S in the deep dolomite condensate reservoirs of the Tazhong Uplift. This finding should be helpful to predict the fluid properties of deep dolomite reservoirs.
Abstract A number of condensate reservoirs with high concentrations of H 2 S have been discovered in the deep dolomite reservoirs of the lower Ordovician Yingshan Formation (O 1 y) in the Tazhong Uplift, where the formation water has a high pH value. In the O 1 y reservoir, the concentrations of Mg 2? and SO 4 2-in the formation water are higher than those in the upper Ordovician formation. The concentration of H 2 S in the condensate reservoirs and the concentration of Mg 2? in the formation water correlate well in the O 1 y reservoirs of the Tazhong Uplift, which indicates a presumed thermochemical sulfate reduction (TSR) origin of H 2 S according to the oxidation theory of contact ion-pairs (CIPs). Besides, the pH values of the formation water are positively correlated with the concentration of H 2 S in the condensate reservoirs, which may indicate that high pH might be another factor to promote and maintain TSR. Oil-source correlation of biomarkers in the sulfuretted condensates indicates the Cambrian source rocks could be the origin of condensates. The formation water in the condensate reservoirs of O 1 y is similar to that in the Cambrian; therefore, the TSR of sulfate-CIPs likely
Introduction
Formation water has been conventionally taken as a kind of undesirable by-product in petroleum exploration and development, while it would be one of the most crucial factors in hydrocarbon generation, migration and accumulation as well as the interaction between organic and inorganic geo-fluids. Detailed analysis of the geochemical properties of formation water could indicate the hydrodynamic conditions for hydrocarbon accumulation and the geochemical alteration of reservoirs (Jiang and Zhang 1999; Cai et al. 2001; Zha et a1. 2003; Chen and Zha 2005 , 2006a , b, 2008 , which are of great geological significance for interpreting the reaction mechanisms between ions and hydrocarbons. And then, the origin of multi-phase reservoirs could be deduced from the secondary geochemical alteration (Land 1995; Davisson and Criss 1996; Varsanyi and Kovacs 1997; Su et al. 2011) . Palmer (1984) published research on the hydrocarbon composition variation in carbonate reservoirs as a result of the formation water flowing across the reservoirs. In particular, dibenzothiophene would be mostly altered in its composition (Kuo 1994; Lafargue and Tluez 1996) . In addition, high H 2 S concentration from microbial activities around the oilwater contact would increase the acidity and density of crude oil, which negatively impacts on the commercial value of petroleum and as well as the safe exploitation and development of reservoirs.
With the extension of hydrocarbon exploration to deep dolomite rocks in recent decades in China, a large number of gas reservoirs with high H 2 S have been discovered. In domestic and overseas investigations, high concentrations of H 2 S have generally been attributed to the thermochemical sulfate reduction (TSR) between anhydrite and hydrocarbons (Worden et al. 2000; Jiang et al. 2015) , during which liquid hydrocarbons are enriched with sulfur and the drying coefficient of gas reservoirs may exceed 99%. In actual geological conditions, the formation water could act as the reaction agent of TSR. In the Tazhong Uplift of the Tarim Basin, H 2 Sbearing condensates have been discovered on a large scale in deep dolomite reservoirs, which differs greatly from the geochemical properties of normal condensate reservoirs around the world and also differs from gas reservoirs with high H 2 S. Previous study of sulfur isotopes and concentration of individual sulfur compounds in the condensate reservoirs has shown that the condensate reservoirs with high H 2 S may have experienced TSR (Jiang et al. 2008; Zhang et al. 2015) . Various soluble sulfate species act as the initial oxidant of TSR, mainly including free sulfate ions (SO 4 2-) and bisulfate ions (HSO 4 -), solvent-shared ion-pairs (SIPs) and contact ionpairs (CIPs) (Eigen and Tamm 1962; Atkinson and Petrucci 1966) . Therefore, the salts of formation water may be critical to activate and affect TSR. Recently, a series of gold-tube hydrous pyrolysis experiments have been conducted to address the reaction mechanism and the factors affecting TSR, which include compositions of hydrocarbons, labile organosulfur compounds (LSC) and the early generated H 2 S (Tang et al. 2005; Ellis et al. 2007; Amrani et al. 2008) . Because the relative concentration of H 2 S is not a reliable reaction parameter to access the reaction intensity of TSR Jendu et al. 2015) , a systematic study on the genetic relationship between water and mineral composition of the Ordovician formation and high sulfur condensates would avail to clarify the formation mechanism of high sulfur condensate in the actual geological conditions. These new insights could indicate the effect of ions in the formation water on the alteration of hydrocarbons in deep dolomite reservoirs, which would be useful to predict the fluid properties of deep stratum and promote the exploration of dolomite reservoirs.
Geological background
The Tarim Basin experienced three important stages of hydrocarbon accumulation, i.e., the later Eopaleozoic, the Neopaleozoic to the early Mesozoic, and the late Cenozoic , each of which had great impacts on the accumulation and distribution of hydrocarbons in the marine reservoirs (Zhang and Huang 2005) . The Tarim Basin has become a petroliferous basin which has undergone multistage secondary alterations (Sun and Püttmann 1996; Su et al. 2010; Sun et al. 2009a, b) . The Tazhong Uplift, as an inherited paleo-uplift, is located in the central of the Tarim Basin and neighbors the Bachu Uplift in the west, the Tadong Low Uplift in the east, the Tangguzibasi depression in the south and the North depression in the north (Fig. 1) . After the successful exploration in the reef and beach reservoirs of the upper Ordovician Lianglitage Formation (O 3 l), a large-scale petroleum resource has been discovered in dolomite reservoirs of the Yingshan Formation (O 1 y), in the lower Ordovician in the North Slope of the Tazhong Uplift. It has proved that the lower Ordovician dolomite reservoirs are mainly distributed and developed below an unconformity surface, about 120 m deep. The distribution of dolomite reservoirs is not controlled by structural highs/lows.
The dolomite reservoirs of the Yingshan Formation (O 1 y) are characterized by various hydrocarbon and fluid phases, as well as large discrepancies in gas/oil ratio (GOR). Most high-yield wells produce large volumes of gas and condensate oil; in contrast, low-yield wells mainly produce crude oil with low GOR. Based on the PVT curve, the types of reservoirs in the Tazhong Uplift include unsaturated and saturated condensates, and unsaturated and saturated oil (Fig. 1) , which are heterogeneously distributed across the Tazhong Uplift and are not controlled by structure and burial depth. The difference in reservoir phases indicates that the distribution of condensates in the whole Tazhong Uplift roughly correlates with the fluid properties and burial depth and the dolomite reservoirs are correlated with NE-SW faults.
3 Samples and methods
Collection of samples
In order to investigate the origin of H 2 S, hydrocarbon samples of 13 wells in the Tazhong Uplift were collected ( Table 1 ). The saturated and aromatic hydrocarbons were quantified by GC-MS, including steranes and hopanes, as well as thiophenes. Diamantanes were detected by GC 9 GC to access the oil-cracking extent of hydrocarbons.
GC-MS analysis
GC-MS analysis was performed using a Trace GC Ultra gas chromatograph interfaced to a Thermo DSQII mass selective detector (MSD) for both saturated and aromatic hydrocarbon fractions. The HP-5 column is 30 m long 9 0.25 mm ID 9 0.25 lm thickness. Helium maintained at a constant flow rate of 1.0 cm 3 /min was used as the carrier gas. The GC oven was programmed from 50 to 220°C at 4°C/min with an initial hold time of 5 min and then from 220 to 320°C at 2°C/min with a final hold time ZG11   ZG12   ZG21 TZ35   ZG13   ZG20   ZG22   ZG14   TZ45  ZG16   ZG15   TZ86  ZG17   ZG162   ZG19   ZG111   ZG23   ZG8   ZG102  ZG104   TZ24   TZ241  TZ242   TZ52   TZ69  TZ62   TZ44   TZ621   TZ72  TZ721  TZ726   TZ622   TZ83   TZ821   TZ823   TZ82   TZ724   TZ75   TZ168   TZ16   TZ162   TZ24-2   ZG3   TZ18   TZ2   TZ61   TZ4   TZ5   TZ102  TZ8   TZ43  TZ243 of 25 min. Samples were injected in the splitless mode at a constant temperature of 300°C. For quantitative determination of saturated and aromatic hydrocarbons, known concentrations of standard compounds (d4-cholestane and d10-anthracene) were added to the condensate and oil prior to the fractionation.
Diamondoid hydrocarbon analysis
For GC 9 GC-TOF-MS analysis, a whole condensate sample was dissolved in a solution of 5% dichloromethane (DCM) in n-hexane. Two Leco Pegasus 4D GC 9 GC systems were used in this study coupled with a TOF-MS and a FID, respectively. They were equipped with an Agilent 6890 N GC (TOF-MS) and an Agilent 7890A GC (FID system) and configured with a split/splitless auto-injector and a dual-stage cryogenic modulator. Two capillary GC columns were fitted in the GC. The first dimension chromatographic separation was performed by a nonpolar Petro-column (50 m 9 0.2 mm I.D., 0.5 lm film thickness). The second column was connected to the TOF-MS instrument via a DB-17HT column (3 m 9 0.1 mm I.D., 0.1 lm film thickness). Temperature was programmed for 35°C (10 min) in the primary GC oven. Then, the temperature was increased to 60°C at 0.5°C/min and held for 0.2 min, from 60 to 220°C at 2°C/min and held for 0.2 min, followed by an increase at 4°C/min to the final temperature of 300°C and kept constant for 5.0 min. The secondary oven was programmed 20°C above the primary GC oven gradient. The sample injection temperature was 300°C with an injection volume of 0.5 lL. The carrier gas was helium with flow rate of 1.8 mL/min. The modulation period was 10 s with a 3.0-s hot pulse duration. The TOF-MS instrument was operated in the electron impact mode (70 eV) with a range of 40-520 Da. The ion source temperature was 240°C, the detector voltage was set at 1475 V, and the acquisition rate was 100 spectra/s. Instrument control and data processing were done using ChromaToF (Leco) software and Microsoft Excel. The deconvoluted spectra were compared with the National Institute of Standards and Technology (NIST) software library for compound identification. The quantification of adamantanes was calculated by comparison with an internal standard of d16-adamantane, while the quantification of diamantanes required a linear correlation among the ratios of various diamantane standard concentrations to the constant d16-adamantane concentration.
Constituent analysis of formation water
We have reviewed more than 200 compositions of formation water in Tazhong Uplift, which were analyzed in the chemical laboratory of the Tarim Oilfield Company, in order to determine the origin of formation water in the condensate reservoirs. The analysis method for oil and gas field water is conducted to industry standard SY/T 5523-2000. As well, 14 formation water samples were collected to measure the concentration of ions at ambient temperature. Since the temperature of the reservoirs is mostly from 125 to 150°C, the measured ionic concentrations had been converted to in situ conditions using thermodynamic modeling (Table 2) . 4 Results and discussion
Geochemical features of high sulfur condensate reservoirs
For condensates in the O 1 y reservoir of Tazhong Uplift, the burial depth is more than 5500 m. The reservoir temperature may rise beyond 130°C with a gradient of 2.03°C/ 100 m, and the pressure coefficient is 1.18. The reservoirs are weakly over-pressured (Table 1 ). The concentration of condensate oil in the reservoir is generally higher than 100 g/m 3 with a peak of 764.2 g/m 3 in well ZG102. According to the difference between formation pressure and dew point pressure, the condensates were classified as unsaturated (pressure difference [ 0) and saturated reservoirs (pressure difference = 0). Most of the unsaturated condensates are distributed near strike-slip faults, while the saturated condensates are distributed far away from faults.
Another distinct feature of O 1 y condensates is their high concentration of H 2 S (Fig. 2) , which is different from the condensate in the O 3 l reservoirs around the Tazhong No. 1 structure. For the reservoirs around the Tazhong No. 1 fault, the concentration of H 2 S correlates well with gas production. According to the previous literature (Zhang et al. 2015) , the H 2 S concentration in the condensate reservoirs of the Lianglitage Formation (O 3 l) is presumed to originate from the charge of high-maturity gases in the late Himalayan (Zhao et al. 2009 ). In contrast, the H 2 S in the condensates of the Yingshan Formation (O 1 y) may have not dissolved and migrated in the gas phase. The production volume of formation water and the concentration of H 2 S in O 1 y condensate reservoirs show that the high concentration of H 2 S is correlated well with active formation water (Fig. 2) . So, it is proposed that the origin of H 2 S may be related to the geochemical properties of O 1 y formation water. Therefore, a knowledge of the geochemical properties of formation water and the accumulation process of condensates will be essential to clarify the origin of H 2 S in the condensates of deep dolomite reservoirs.
Previous studies confirmed that two sets of source rocks mainly developed in the Tarim Basin, which, respectively, developed in the Ordovician platform margin slope facies and Cambrian basin facies. The planktonic algae organic phase of Cambrian source rock is distributed in the eastern Manjia'er sag. A series of biomarkers (triaromatic dinosterane and 4-methyl-24-ethyl cholestane) indicating complex acritarchs, planktonic algae, such as diatoms and dinoflagellates, have been found in a large number of Cambrian source rocks. The mud mound organic facies of Ordovician source rock are mainly distributed in the platform edges and transition slopes. Some biomarkers of sponge and gloeocapsa, such as 24-norcholestane and 4-methyl-24-propyl cholestane have been detected in the lime-mud mounds (Zhang and Huang 2005) . These molecular fossils have become an important marker of oilsource correlation in the Tarim Basin. Through the distribution of these special biomarkers in the condensates and normal oils in the Ordovician Yingshan Formation of Tazhong Uplift, the concentration of 4, 23, 24-trimethyl triaromatic dinosterane in the condensates was higher than that in the normal oils, while the concentration of 3-methyl-24-methyl triaromatic dinosterane in normal oils increases significantly (Fig. 3) This indicates that the strike-slip faults might act as pathways for gas charging. The intensity of gas charging has been proved to be main mechanism by which the early oil reservoir transferred to the coexisting condensate and oil reservoirs . The analysis on the relative concentrations of individual compound in condensates shows that the maturity of condensates is evidently higher than that of the oils (Fig. 4) . In particular, the concentration of diamantanes reflects the extent of oil cracking (Dahl et al. 1999; Zhang et al. 2011) . The concentration of diamantanes is 150 lg/g in the condensates of well ZG43 with an H 2 S concentration of 36.537 mg/m 3 , which is much higher than that in conventional oil. So, it is indicated that high concentrations of H 2 S may originate from oil cracking or thermal chemical alteration, which have also led to the higher maturity of condensates compared with conventional oil.
The oil cracking commonly includes two main processes, i.e., thermal cracking of oil and thermochemical sulfate reduction (TSR). It is revealed that the well bottom temperature of O 1 y condensate reservoirs does not exceed 160°C. Previous research considered that thermal cracking would not occur unless the temperature exceeds at least 190°C (Price 1980; Zhang et al. 2008) . So, it could be concluded that the high maturity of condensates and high concentration of H 2 S in the O 1 y reservoirs were not due to liquid hydrocarbon thermal cracking. So, it can be inferred that the high concentration of diamantanes and H 2 S in the condensate reservoirs is likely to derive from the TSR.
Further detailed analyses on the composition of the Ordovician formation water would be needed to diagnose whether the geochemical conditions in the Tazhong Uplift were suitable to trigger the TSR and accumulate H 2 S of TSR-origin.
Relationships between H 2 S-origin and formation water in the condensate reservoirs
According to the statistics, the formation water of the lower Ordovician-Cambrian differs from that of the upper Ordovician in the concentration of principal ions (Fig. 5) .
In particular, the concentrations of SO 4 2-in the O 3 l formation water are higher than those in the lower Ordovician-Cambrian formation water. On the contrary, the Mg 2? concentration is higher in the formation water of O 1 y-Cambrian. Both of SO 4 2-and Mg 2? are significant for thermochemical sulfate reduction . It has been noted that the SO 4 2-commonly exists in the form of contact ion-pairs, which are the actual oxidant of TSR at geological temperatures. The decrease in SO 4 2-concentration in the lower Ordovician to Cambrian formation water may be due to the consumption of SO 4 2-in the TSR (Su et al. 2016 ). The concentration of Mg 2? and Ca 2? is lower than 1.1 and 20 g/L in the upper Ordovician formation water and much higher in the lower Ordovician to Cambrian formation water. In particular, the concentration of Mg 2? goes up beyond 1.5 g/L, which is proposed to activate TSR in actual geochemical conditions. Therefore, The Tazhong Uplift has experienced multi-period hydrothermal invasion and dolomitization. So that Mg 2? is rich in the formation water of the tectonic area experiencing strong dolomitization and hydrothermal activity, which provides the geochemical conditions for the TSR of sulfate-CIPs in the Tazhong Uplift. Intrusive diabases are seen in well TZ-18, strong dolomitization happened in well Tazhong-2, and a number of fine crystalline porous dolomites have been found in the lower Ordovician Yingshan Formation of well ZG-9 (Fig. 6) . The most active region of magnesium-rich fluid was mainly located in the Tazhong Uplift and the middle section of the No. 1 fault zone (Fig. 6) . On the other hand, the highest concentration of H 2 S in the Tazhong area is also mainly distributed in the same zone as the magnesium-rich fluid. The concentration of H 2 S was more than 5% (m 3 /m 3 ), coinciding with the region of reservoirs with strong dolomitization (Fig. 6 ).
This indicates a very close relationship between the formation of H 2 S and the activity of Mg 2? -enriching fluid in the lower Ordovician Yingshan Formation.
The formation mechanism of high H 2 S in the condensate reservoirs
The production data have shown that the concentration of H 2 S is not clearly related to the gas volume of condensate reservoirs in O 1 y reservoirs, but correlated to the volume of formation water and the content of condensates. In the condensate reservoirs of Well-ZG7 and ZG9 blocks with the highest production volume of formation water, the H 2 S concentration is up to 600 g/m 3 (Table 3) . Through comparing the properties and distribution of formation water in the Tazhong Uplift, it is found that the formation water in the O 1 y dolomite reservoirs connects with the fluids in the Cambrian formations. The Tazhong No. 1 fault and strikeslip faults of Tazhong Uplift may act as the major migration pathway for the formation water in gas condensate reservoirs, and contribute high H 2 S in the condensate reservoirs around the faults. Much previous research has proved TSR between hydrocarbons and sulfate could induce oil-cracking processes in actual geological conditions (Worden and Smalley 1996; Wei et al. 2012) . It is generally agreed that the sulfate contact ion-pair would be the dominant mechanism to trigger thermochemical sulfate reduction (Rudolph et al. 2003; Amrani et al. 2008) . So, samples of formation water were collected to test the concentration of ions at ambient temperature. Then, the measured ionic concentrations had been converted to in situ conditions by thermodynamic modeling, in order to discuss the TSR reaction mechanism with the oxidant of sulfate-CIPs in the highly sulfuretted condensate reservoirs (Table 3) directly and would form contact ion-pairs (CIPs) to accelerate TSR reactions (Azimi et al. 2007; Leusbrock et al. 2008) . Based on the theory of CIPs, good correlation between the concentration of H 2 S and Mg 2? in formation water (Fig. 7) has indicated the TSR-origin of H 2 S in the condensate reservoirs. In addition, the concentration of principal negative ions, i.e., Cl -and HCO 3 -, is separately lower than 100 and 1.0 g/L in the upper Ordovician formation water and higher than 100 g/L and 1.0 g/L in the lower Ordovician-Cambrian formation water. It has shown that the concentration of H 2 S in the O 1 y gas condensates has increased with the alkalinity of formation water (Fig. 7) , which demonstrated that the pH of formation water may drop down in the process of forming CIP from magnesium sulfate (He et al. 2014) . Alkaline formation water would guarantee the rightward reaction With the initiation of TSR, the concentration of H 2 S increases and concentration of SO 4 2-decreases. Therefore, it could be demonstrated that H 2 S in the condensates of lower Ordovician dolomite reservoirs does originate from redox reaction between hydrocarbons and sulfate-CIPs.
Conclusions
The condensates in the dolomite reservoirs of the lower Ordovician in the Tazhong Uplift are generally characterized by various properties and phases of hydrocarbons. The concentration of H 2 S in the condensate reservoirs increases with the production volume of formation water. Both the Mg 2? concentration and pH in the O 1 y formation water are all higher than those in the upper Ordovician reservoirs and correlate well with the H 2 S concentration in the gas condensate reservoirs. The decrease in SO 4 2-concentration in the O 1 y condensates is due to the consumption of SO 4 2-during TSR, which is the formation mechanism of H 2 S in the O 1 y condensates. The pH values of the formation water are positively correlated with the H 2 S concentration in the condensate of the lower Ordovician dolomite reservoirs, which shows that high alkalinity of the formation water is another important factor to initiate and promote the TSR of sulfate-CIPs. It is thus inferred the deep dolomite reservoirs have favorable geological conditions for TSR. The properties of the formation water in the Cambrian are similar to those of the high H 2 S-bearing condensate in the O 1 y reservoirs. This indicated that the sulfur condensates of the O 1 y reservoirs originated from the Cambrian source rocks based on triaromatic dinosterane and 4-methyl-24-ethyl cholestane. Therefore, it can be inferred that the H 2 S concentration of Cambrian dolomite reservoirs might be higher than that of the O 1 y reservoirs.
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